Flow patterns adjacent to shore may prevent or aid shoreward migration of benthic invertebrate larvae. We hypothesized that a front at the mouth of Sunset Bay, Oregon, prevents shoreward dispersal of larvae, significantly altering settlement of mussel larvae and barnacle cyprids. Settlement was measured at three sets of moorings (three moorings per site) distributed across the front at Sunset Bay. From 6 July to 4 September 2000, samples were collected roughly every other day. Concurrently, we made vertical zooplankton tows adjacent to each mooring site and collected physical oceanographic data. During upwelling-favorable winds, the front was always present at the bay mouth, separating significantly cooler, saltier and denser offshore water from that within the bay. During downwelling winds, the front broke down and we found no significant difference in the surface physical oceanographic parameters across the bay mouth. During upwelling, the concentration of mussel larvae was higher seaward of the front than landward, but there was no significant difference in concentration during downwelling, suggesting that the front may act as a barrier to the shoreward dispersal of mussels. Mussel settlement was too low and sporadic to allow statistical analysis. There was no difference in cyprid concentrations across the bay mouth whether the front was present or not. Cyprid settlement was, however, nearly an order of magnitude lower at moorings seaward of the front than at those landward. A significant cross-correlation was found between settlement at the offshore mooring and tidal range (r = 0.464, lag = 0 days) and between settlement at the mid and inner moorings and downwelling winds (r = 0.532 mid bay, r = 0.532 inner bay, lag = 0 days). Seaward of the front, settlement varied with tidal range, while landward of the front, most settlement occurred as brief pulses during downwelling winds, periods when the front was not present. We found large differences in the distribution of cyprids, and mussel larvae and cyprid settlement relative to the front; larval distributions and settlement varied with upwelling versus downwelling winds and was due to differences in the very nearshore (i.e. within 100-1000 m of shore) coastal oceanography.
Flow patterns adjacent to shore may prevent or aid shoreward migration of benthic invertebrate larvae. We hypothesized that a front at the mouth of Sunset Bay, Oregon, prevents shoreward dispersal of larvae, significantly altering settlement of mussel larvae and barnacle cyprids. Settlement was measured at three sets of moorings (three moorings per site) distributed across the front at Sunset Bay. From 6 July to 4 September 2000, samples were collected roughly every other day. Concurrently, we made vertical zooplankton tows adjacent to each mooring site and collected physical oceanographic data. During upwelling-favorable winds, the front was always present at the bay mouth, separating significantly cooler, saltier and denser offshore water from that within the bay. During downwelling winds, the front broke down and we found no significant difference in the surface physical oceanographic parameters across the bay mouth. During upwelling, the concentration of mussel larvae was higher seaward of the front than landward, but there was no significant difference in concentration during downwelling, suggesting that the front may act as a barrier to the shoreward dispersal of mussels. Mussel settlement was too low and sporadic to allow statistical analysis. There was no difference in cyprid concentrations across the bay mouth whether the front was present or not. Cyprid settlement was, however, nearly an order of magnitude lower at moorings seaward of the front than at those landward. A significant cross-correlation was found between settlement at the offshore mooring and tidal range (r = 0.464, lag = 0 days) and between settlement at the mid and inner moorings and downwelling winds (r = 0.532 mid bay, r = 0.532 inner bay, lag = 0 days). Seaward of the front, settlement varied with tidal range, while landward of the front, most settlement occurred as brief pulses during downwelling winds, periods when the front was not present. We found large differences in the distribution of cyprids, and mussel larvae and cyprid settlement relative to the front; larval distributions and settlement varied with upwelling versus downwelling winds and was due to differences in the very nearshore (i.e. within 100-1000 m of shore) coastal oceanography.
I N T R O D U C T I O N
The majority of coastal invertebrates have complex life cycles that include pelagic larval stages that must return to the benthos prior to settlement. Transport by coastal currents has been shown to affect larval supply, recruitment and population dynamics of sessile adults (Gaines and Roughgarden, 1985; Shanks, 1986; Shanks and Wright, 1987; Farrell et al., 1991; Pineda, 1991; Alexander and Roughgarden, 1996; Miller and Emlet, 1997) .
Nearshore circulation patterns affected by shoreline irregularities, such as headlands and embayments, can modify current patterns to create eddies and fronts (Okubo, 1973; Pingree et al., 1978; Pingree and Maddock, 1979; Wolanski and Hamner, 1988; Black et al., 1990) that may affect larval recruitment. Several studies have investigated circulation within larger bays and behind headlands (Grundlingh and Largier, 1991; Graham and Largier, 1997) , but few have focused on small-scale circulation within 100 m to a few kilometers from shore (Archambault et al., 1998 . Persistent oceanographic features (e.g. fronts and eddies) in the very nearshore may aid or prevent the shoreward migration of the pelagic larvae of coastal fish and invertebrates; settlement at the coast may vary with the presence or absence of the oceanographic feature. Variations in settlement caused by nearshore oceanography may ultimately affect community structure. We report a study of nearshore, small-scale, circulation patterns and their effects on dispersal and settlement of mussel larvae and barnacle cyprids.
Several studies have shown that high concentrations of plankton, including meroplankton, are often associated with fronts generated by the interaction of tidal currents with topography (Alldredge and Hamner, 1980; Hamner and Hauri, 1981; Wolanski and Hamner, 1988; Willis and Oliver, 1990; Kingsford et al., 1991; Signell and Geyer, 1991) . With each change of the tide, the fronts vanished and the concentrations of zooplankton dissipated. However, if a persistent flow field generates a front, then it may exist long enough to have measurable ecological effects on the distribution of zooplankton, the settlement of the larvae of benthic invertebrates and, perhaps, the structure of benthic invertebrate populations and communities.
Along the Oregon coast, we have observed shoreparallel foam lines and associated changes in water coloration to persist for days at the mouth of small coves and bays. The accumulation of foam suggests the existence of a convergence zone and the associated change in water coloration suggests that the convergence delineates a front separating water masses, one in the cove or bay and the other offshore. In a companion paper , we present data describing the spatial structure of physical oceanographic properties and zooplankton across very nearshore fronts at four locations along the Oregon coast. One of these sites, Sunset Bay, is the location where the following study took place. The mouth of Sunset Bay faces west; when waves were relatively small (<2 m amplitude) and the winds were from the north (upwelling favorable), shoreparallel foam lines that extended completely across the mouths of the bay were nearly always present. When waves were large (!2 m amplitude) or winds were downwelling favorable, foam lines extending across the mouth of the bay were rare. Large waves at the mouth of the bay push water into the bay, causing the sea level to rise. To compensate for the increase in sea level, a strong rip current forms in the cove and extends hundreds of meters seaward from the bay mouth . At these times, water was rapidly flushed from the bay and exchanged with coastal water. In this and the companion paper , we show that the oceanographic data indicate that the foam lines were associated with convergent fronts that separated the surface waters in the bay from those in the coastal ocean. When the front was present during upwelling conditions, surface water on the landward side was warmer and generally exhibited lower chlorophyll concentrations than on the ocean side . The zooplankton community changed dramatically across the front. A variety of holoplankters (e.g. calanoid copepods, copepod nauplii) and meroplankters (e.g. mussel larvae, gastropod veligers, late-stage barnacle nauplii) were significantly more concentrated at stations on the seaward side of the front. We found a second zooplankton community whose members were, in contrast, significantly more concentrated at stations on the landward side of the front (e.g. harpacticoid copepods, Littorina egg cases and Littorina veligers). A few organisms (e.g. barnacle nauplii stages 1 and 2, cyprids) did not seem to be affected by the presence of the front. We have zooplankton data from one date at Sunset Bay when winds were downwelling favorable and the front was not present . On this date, the structure of the zooplankton community across the mouth of the bay was more homogeneous. The distributions of zooplankton were clearly altered by the presence of the fronts and there appears to be a difference in the distribution of zooplankton communities depending on whether the front was present or absent.
During summer, upwelling-favorable winds are common on the Oregon coast and the foam line and front at the mouth of Sunset Bay are present much of the time . When winds shifted to directions other than from the north, the front was no longer present. Based on these observations, we hypothesized (i) that during upwelling conditions, when the front is present, settlement will be higher outside the bay than in it. During periods of non-upwelling winds, when the front is not present, we hypothesized (ii) that we would find no difference in settlement rate across the mouth of the bay. We further hypothesized (iii) that we would find no difference in the settlement rate of cyprids across the mouth of the bay whether a front was present or not. The purpose of the following study was to test these three hypotheses.
M E T H O D Sunset Bay site description
The research was carried out within and adjacent to Sunset Bay, Oregon (43 20 0 100 00 N, 124 22 0 750 00 W) (Figure 1 ). Sunset Bay is located 4 km north of Cape Arago and 3 km south of the Coos Bay estuary. The most landward part of the bay is composed of a crescentshaped sand beach to either side of which are extensive rocky intertidal zones. On the south side of the beach, a stream empties into the ocean. About 300 m from the beach, the bay becomes tightly constricted, then opens up to form the outer portion of the bay (Figure 1) . Most of the shoreline is rocky; two reefs that extend to the sea form the mouth of the bay. Depending on the tide, the mouth of the bay is from 0.8 to 0.9 km from the waterline on the beach.
Tides along the Oregon coast are mixed semidiurnal, with a mean annual range of 1.7 m. During the winter (October-March), southwest winds produce downwelling conditions and frequent large swells. Beginning in April or May, winds shift to the northwest, producing upwelling conditions with occasional relaxation or downwelling events due to weakening of the upwelling winds or reversals in wind direction. These downwelling or relaxation events usually last one to several days (Barber and Smith, 1981) . Swells tend to be smaller during the spring and summer.
Physical characteristics of the nearshore water column
In Sunset Bay and the adjacent shelf, determinations of water temperature, salinity and density were made with a Seabird Model 19 Conductivity-Temperature-Depth (CTD) meter. On each sampling day, a CTD cast was made at each of eight stations along a transect that extended from 0.2 km from the beach to 1.5 km offshore. The Noesys Transform program (Noesys, 1999) was used to generate contour plots of the water column conditions.
Coastal wind data were obtained from the NOAA Cape Arago Weather Station (CARO3) located 0.5 km north of Sunset Bay on Gregory Point. Cross-and alongshelf wind stress were calculated using the standard equation and a constant drag coefficient of 2 Â 10 À3 (Sverdrup et al., 1942) . Because we used a constant drag coefficient, the reported wind stress should be considered pseudo-stress values. The daily average wind stress was used in time series analysis. The maximum daily tidal range was obtained from tide tables and defined as the maximum change in tidal elevation between a high and adjacent low tide during a day.
Larval settlement time series
The pattern of larval settlement was measured by providing an artificial substratum attached to a set of moorings that were distributed across the mouth of Sunset Bay. (Menge et al., 1997) . The settlement plates were used to measure the settlement of cyprids, and the artificial turf substrata (hereafter tuffies) measured the settlement of mussel larvae and other invertebrates. Settlement plates and tuffies were affixed to the mooring floats and remained 0.5 m below the surface through all stages of the tide.
From Julian day 187 through 247 (i.e. July 6 through September 4, 2000), samples were collected from the moorings roughly every other day (n = 30 sample periods). Four sampling periods were longer due to high seas. The sampling period was extended to 3 days on Julian day 219 and to 4 days on Julian days 198 and 212. Settlement plates and tuffies were exchanged in the field with fresh settlement plates and tuffies. Exposed settlement plates and tuffies were placed in separate bags and frozen until analysis.
Settlement plates were examined under a dissecting microscope; cyprids and juvenile barnacles were counted and identified to species (Shanks, 2001) . Typically, the entire plate was counted; however, if there were . During upwelling winds, a front forms across the mouth of Sunset Bay (dashed line across the bay mouth). Larval settlement was measured at three sets of moorings (n = 3 replicates at each site, stars) spanning the front. Settlement was sampled roughly every other day during the summer. At the same time, vertical plankton tows were made adjacent to the mooring sites (one tow per site) and a CTD transect was made from near the beach in the inner bay past the seaward moorings. >200 settlers, then 10 random squares (2 cm 2 each) were counted. The tuffies were rinsed for several minutes with fresh water into a 93-mm sieve to remove larvae (repeated testing indicated that rinsing removed essentially all organisms within the tuffies), after which the samples were preserved with CaCO 3 -buffered formalin. Organisms from the tuffie samples were identified and enumerated with a dissecting microscope equipped with a pair of polarizing filters. The filters were placed between the sample and the light source, and between the sample and the microscope lens. The latter filter was rotated until the shells of bivalves and gastropods appeared to 'glow' due to the birefringence caused by the crystalline structure of the shell (Gallager et al., 1989) . Lighting the samples in this way greatly facilitated sorting. Organisms that were small or difficult to identify were identified with a compound microscope.
On each sampling day, a vertical plankton tow was made adjacent to each set of three moorings. The plankton net (53 mm mesh net) had a mouth diameter of 0.25 m, too small a mouth for a flow meter. The volume filtered was calculated from the length of the tow; the net was lowered to a depth of 6 m three times for a combined total tow length of 18 m. Approximately 0.9 m 3 of water were filtered during each vertical plankton tow. Samples were preserved in CaCO 3 -buffered formalin. Prior to analysis, samples were rinsed with tap water into a 25 mm sieve and transferred to a beaker. With the beaker on an electronic balance, tap water was added until the volume was 200 ml (200 g). After vigorous random stirring, three 10 ml subsamples were removed with a Stempel pipette (Peterson et al., 1979; Omori and Ikeda, 1984) . At least 100 individuals of the target organisms (e.g. mussel larvae and cyprids) were counted when possible. The sample standard deviation was $10% for the more abundant organisms and between 10 and 20% for the less common species (Venrick, 1978) .
R E S U L T S Physical oceanography
During the study, winds were typical of those observed during a summer on the Oregon coast, with strong winds from the northwest and weaker winds from the southeast. There were five periods of downwelling-favorable winds (i.e. from the south), $21% of the study (Figure 2) .
During upwelling winds, a foam line was always observed across the mouth of Sunset Bay. The foam line extended from the rock reef on the north side of the bay to the reef on the south side. Numerous observations suggest that the foam line does not change position with the tide. During downwelling winds (winds from the south), however, the foam line vanished from the bay mouth. Figure 3 presents contour plots of temperature data collected on sample days with downwelling winds compared with data collected on the prior sample day when winds were from the north and upwelling favorable. During upwelling-favorable winds, surface waters seaward of the foam line were typically 0.5-1 C colder than surface waters landward of the foam line. The warmer waters landward of the foam line were present as a thin (<5 m deep) lens of water. During days with upwelling-favorable winds, the foam line at the mouth of Sunset Bay delineated a shallow front where surface water temperatures changed from warm waters landward to cooler waters offshore of the foam line.
During days with downwelling winds, a different distribution of temperature was observed. On three dates ( Julian day 190, 204 and 222) , surface temperatures in the bay were either the same as those offshore, or were cooler (Figure 3 ). On Julian day 236, the waters within 500 m of shore, well within the bay, were slightly warmer (0.25 C warmer) than waters seaward of the bay mouth. There was no change in surface water temperature at the mouth of the bay, as was typically found during upwelling-favorable winds. On Julian day 246, the temperature distribution was more complex. We observed a lens of warm water in the bay, but it was not connected to the beach; water adjacent to the beach was cooler than that within the lens. Surface waters at Fig. 3 . Contour plots of temperature along CTD transects through Sunset Bay, Oregon. Plots on the right are from days with downwellingfavorable winds and those on the left are from the sample day just preceding these collections when winds were upwelling favorable. During upwelling winds, a foam line was located at $0.7-0.9 km from shore (location indicated by the black arrowhead). During downwelling-favorable winds, no foam line was present. Black diamonds along the top of each figure indicate station locations. the bay mouth were slightly warmer in the bay than seaward. During days with downwelling-favorable winds, both the foam line and temperature front were generally absent from the bay mouth.
Across the front, the largest differences in the physical oceanographic variables were generally found at the surface. To test for differences in the distribution of physical variables across the front, we compared the distribution of surface salinity, density and temperature at stations on either side of the front on days with upwelling and downwelling winds (i.e. winds from the north and south, respectively; Figure 4 ). The purpose of these tests was to determine whether, when the foam line was present, there were significant differences in water mass characteristics to either side of the foam line. If the water mass characteristics were different, then it is concluded that the foam line delineates a front separating water masses. The data were separated into two sets: data collected on days with upwelling-favorable winds and those collected when winds favored downwelling.
With a Mann-Whitney U-test (two-tailed test), the surface values of temperature, salinity and density at stations seaward of the bay mouth or foam line were statistically compared to values at landward stations.
During upwelling winds, the surface waters seaward of the foam line were significantly colder (Figure 4 ) than those landward of the foam line. The warmest surface waters were, on average, found adjacent to the beach. In contrast, on days with downwelling winds, there was not a significant difference in surface temperature across the bay mouth (Figure 4 ). On days with upwelling winds, the surface waters seaward of the front were significantly saltier and denser than they were landward of the front (Figure 4) . No significant differences in surface salinity or density were found across the bay mouth on days with downwelling winds (Figure 4) . On both upwelling and downwelling days, the water with the lowest surface salinity and density was, on average, found closest to shore. This low-salinity water was probably due to input of fresh water from the small stream that empties into the bay adjacent to the beach. The foam line formed during upwelling winds was associated with a front that separated two surface water masses, one in the bay and the other in the offshore coastal waters. During downwelling-favorable winds, there was no foam line and no front at the mouth of the bay separating coastal surface ocean water mass from that in the bay.
The water column distributions of mussel larvae and cyprids across the front Mussel larvae (Mytilus spp.) were never abundant in the zooplankton tows ( Figure 5 ). The highest concentration was 817 m À3 , observed at the seaward station, and there were five sample days (19% of the days) when none was caught at any of the three stations. Catch was especially low prior to Julian day 225. The abundances at the inner station were very low and nearly always less than that at the mid and seaward stations; mussels were caught on only nine dates (33% of the dates) at the inner station and the highest concentration was 15 m À3 . Given the low abundances encountered, only limited statistical analysis is possible and the conclusions drawn from this analysis should be taken as tentative. The analysis (non-parametric Wilcoxon matched pairs test) will be limited to data from the seaward and mid stations, and will exclude those days when mussel larvae were not caught at either station (6 out of 27 days). Comparing this entire data set and those days with upwelling-favorable winds, significantly more mussel larvae were caught at the seaward station than at the mid station (entire set: z = 2.67, P = 0.007, n = 21; days with upwelling winds: z = 3.07, P = 0.002, n = 16). There was not a significant difference in the concentration of mussel larvae between stations on days with downwelling winds (z = 0.135, P = 0.89, n = 5). Tentatively, these results suggest that the concentration of mussel larvae was lowest at the inner station at all times, that during upwelling conditions significantly more mussel larvae were present at the station seaward of the front than at the mid station landward of the front, and that there was no difference in the concentration of mussel larvae at the seaward and mid stations during downwelling winds when the foam line and front were absent.
The concentrations of Balanus glandula cyprids ranged from 0 to 140 m À3 at the station seaward of the front, from 0 to 328 m À3 at the mid bay station and from 0 to 396 m À3 in the inner bay (Figure 7 ). An analysis of variance was used to test the effect of condition (upwelling versus downwelling) and mooring location (seaward of the front, mid bay and inner bay) on the concentration of B. glandula cyprids (no. m À3 ). The data were log transformed prior to analysis and an F max test indicated that after transformation the variances were homogeneous. No significant differences were found in the concentration of cyprids between stations or between stations during days with upwelling-or downwellingfavorable winds (Figure 6 ).
Settlement on tuffies
A variety of larvae were recovered from the tuffies, including Mytilus spp. and other bivalves, nudibranchs, gastropods and megalopae. The following analysis will focus on Mytilus spp. larvae. Settlements on the four tuffies on each mooring were summed and the three moorings within each zone (i.e. seaward, mid and inner) were averaged ( Figure 7) . Most (68%) of the mussels settled seaward of the front; only 26 and 6% of the mussels settled at the mid and inner bay stations, respectively. Mytilus spp. settlement was generally low throughout the study (Figure 7 ) with settlement per period of 1 individual observed at all three stations half the time. Settlement of >1 per period did not occur regularly at the seaward and mid stations until after Julian day 225. Average settlement per period was 7.6, 2.5 and 0.6 for the seaward, mid and inner stations, respectively. Because of the low settlement rates, the data have not been analyzed statistically. Tentatively, settlement rate appears to be positively related to the concentration of mussel larvae in the zooplankton samples. This settlement time series cannot be used to test whether there was a difference in the pattern of settlement on days with upwelling-versus downwelling-favorable winds.
Settlement plate data
Nearly all (99.8%) of the barnacles settling on the plates were B. glandula; the analysis is limited to this species. The settlements during each sample period on the four plates at each mooring were summed and averaged across the three moorings within each zone (i.e. seaward of the front, mid bay and inner bay). During the first 2 weeks of the study, barnacle settlement was low (0-2 cyprids per plate per settlement period), but settlement subsequently increased and ranged over three orders of magnitude (Figure 8) .
A total of 3905 individuals settled on the mooring seaward of the front, 27 501 inshore of the front in the mid bay and 22 392 in the inner bay ( Figure 8) ; overall settlement was much higher (by nearly a factor of 10) at the stations landward of the front. An analysis of variance was used to test the effect of condition (upwelling versus downwelling) and mooring location (seaward of the front, mid bay and inner bay) on the settlement rate of B. glandula cyprids (no. per plate). The data were log transformed prior to analysis and an F max test indicated that after transformation the variances were homogeneous. The ANOVA indicated that both the wind effect and the station location effect were significant, but the interaction term was not significant (Table I) . During sampling periods with upwelling winds (Figure 9 ), settlement was low and nearly the same across moorings, with slightly higher settlement rates landward of the bay mouth and front (i.e. at the mid and inner moorings). During sampling periods with downwelling winds, however, settlement at the two moorings landward of the bay mouth was higher by more than a factor of 10 than settlement at the seaward mooring (Figures 8 and 9) .
At stations landward of the front, much of the total settlement occurred during a few large peaks in settlement that appeared to occur during downwelling or relaxation events (Figure 8 ). Time series analysis was used to investigate the relationship between barnacle settlement and wind stress during the period when measurable barnacle settlement was occurring (i.e. Julian day 204-251). Prior to the time series analysis, the settlement data were log transformed and detrended (Otnes and Enochson, 1978; Dunstan, 1993; Thorrold et al., 1994) . Cross-correlations were run between alongshore and cross-shore wind stress and B. glandula settlement per sampling period. Cross-correlations were also investigated between the maximum daily tidal range over the sample period and cyprid settlement.
No significant cross-correlations (P > 0.05) were found between along-and cross-shore wind stress and barnacle settlement at the seaward moorings. However, a significant positive correlation was found at a lag of 0 days between the maximum daily tidal range and settlement at the seaward station (r = 0.464, P < 0.05); cyprid settlement tended to be largest around spring tides.
No significant cross-correlations (P > 0.05) were found between barnacle settlement in the mid and inner zones Larval concentrations were log transformed prior to analysis. The F max test indicated that after the transformation the variances were homogeneous. Values are the average settlement on three replicate moorings per day. The inner and middle moorings were landward of the front at the mouth of Sunset Bay and the seaward mooring was seaward of the front. Plotted with the settlement data is the average alongshore wind stress (dynes cm À2 ) during the sample periods (dotted line). Positive and negative wind stress values are upwelling-and downwelling-favorable winds, respectively.
A. MCCULLOCH AND A. L. SHANKS j VERY NEARSHORE OCEANOGRAPHY AND LARVAL SETTLEMENT and the maximum daily tidal range. At these stations, however, there were significant positive correlations at a lag of 0 days between alongshore wind stress and barnacle settlement (mid bay: r = 0.531, P < 0.05; inner bay: r = 0.532, P < 0.05). In addition, we found a significant positive correlation at a lag of 0 days between cross-shore wind stress and barnacle settlement at the mid bay moorings (r = 0.517, P < 0.05). Results of these analyses suggest that, landward of the front, peaks in barnacle settlement tended to occur during downwelling winds.
D I S C U S S I O N
During periods of relatively small waves (<2 m) and upwelling-favorable winds (i.e. north or northwest winds), a foam line and associated front were consistently found at the mouth of Sunset Bay. When winds were downwelling favorable, the foam line and front were not present. During summer 2000, winds were typical for the Oregon coast. The dominant winds were upwelling favorable and from the north-west with occasional periods of winds producing downwelling or relaxation events. During the summer sampling period ( July through September), small waves and north-west winds were observed 84% of the time. The average duration of these conditions was 8 days (range 2-20 days). If the front acts as a barrier to the shoreward migration of larvae that developed over the shelf, then, for much of the summer, larvae may be prevented from settling in the intertidal zone in Sunset Bay.
The concentration of mussel larvae in the zooplankton samples and the settlement rate of mussels to the tuffies were disappointingly low. The data tentatively suggest that the front at the mouth of Sunset Bay acts as a barrier to the shoreward dispersal of mussel larvae; during upwelling winds, when the front was present, the concentration of mussel larvae was significantly higher at the seaward than at the mid station and there was not a significant difference in the concentration of larvae during downwelling winds when the front was not present. Shanks et al. report similar results: during upwelling conditions, mussel larvae were significantly more abundant seaward of the front at both Sunset Bay and Miller's Cove (the cove just to the north of Sunset Bay), and at Sunset Bay, during a downwelling event, there was no difference in the abundance of mussel larvae across the mouth of the bay . Because of sporadic and low settlement rates, the effect of the front on mussel settlement could not be determined.
In the zooplankton tows, we did not find significant variations in the abundance of cyprids by location or by location crossed with wind condition (upwelling versus downwelling winds), suggesting that the front at the mouth of Sunset Bay did not act as a barrier to the dispersal of cyprids, results identical with those reported in Shanks et al. .
Small peaks in settlement were observed seaward of the front and these tended to occur around the spring tides, suggesting that settlement was related to variations in tidally driven shoreward transport, as has been observed in southern California (Shanks, 1986; Pineda, 1991) . In contrast, landward of the front, large peaks in cyprid settlement were correlated with downwelling/ relaxation events, periods when the front at the mouth of the bay was not present. When the front was present, settlement in the bay was about as low as was observed Fig. 9 . Comparison of the average barnacle settlement per sample period (AE SE) at the three mooring sites during the entire study (n = 23), sample periods with upwelling winds (n = 18) and sample periods with downwelling winds (n = 5).
seaward of the front. When the front was absent, settlement at the mid and inner moorings was much higher (>10 times) than seaward of the front. These short pulses in settlement accounted for most of the barnacle settlement within the bay.
It is possible that B. glandula cyprids can sense the relative proximity of shore and preferentially settle close to it. This type of behavior could account for higher settlement of cyprids at more nearshore moorings (i.e. mid and inner moorings). If this behavior does exist, then we would expect to see higher settlement at nearshore mooring throughout the study. Significantly higher settlement at more nearshore moorings, however, only occurred during downwelling-favorable winds; during upwelling-favorable winds, the average settlement at the seaward, mid and inner moorings was 7, 9 and 13 cyprids per settlement period (Figure 7 ), respectively. If this hypothetical behavior exists, it is difficult to imagine how it could vary with wind direction.
Landward of the front, peaks in cyprid settlement occurred during downwelling/relaxation events. Settlement that occurs immediately following upwelling events has been attributed to the upwelling front moving back on shore and transporting larvae trapped in the frontal convergence zone shoreward (Farrel et al., 1991; Roughgarden et al., 1991; Wing et al., 1995a,b; Miller and Emlet, 1997) . If peaks in cyprid settlement had occurred at all three moorings during downwelling/relaxation events, then we could hypothesize that variations in settlement were due to variations in onshore transport due to upwelling fronts traveling to shore. However, only at the moorings landward of the front did we find settlement peaks associated with downwelling/relaxation events; at the seaward mooring we did not find any significant cross-correlations between settlement and wind direction. At the mid and inner moorings, settlement peaks during downwelling-favorable winds were, therefore, not due to the onshore transport of cyprids from the offshore coastal waters by an upwelling front propagating back toward shore. To attempt to explain these peaks in settlement, we suggest a different mechanism.
Several studies have demonstrated that cyprids can become concentrated in convergence zones (LeFevre, 1986; Shanks and Wright, 1987; LeFevre and Bourget, 1991; Pineda, 1994 Pineda, , 1999 . The foam line and front at the mouth of Sunset Bay are characterized by convergent flow; dye placed in the water to either side of the foam line moved toward the foam line, where it downwelled, and abundant buoyant flotsam is found in the foam line. During upwelling conditions, when the front was present at the mouth of Sunset Bay, cyprids may become concentrated in the frontal convergence. In Chile, similar foam lines and fronts form across the mouth of small coves during upwelling and neuston tows indicated that meroplankton were concentrated in the foam lines (A. L. Shanks and P. Manriquez, unpublished data) . During downwelling/relaxation events, we have observed the foam line at the mouth of Sunset Bay bend into the bay. Usually, the northern end of the foam line became detached from the rocks and extended well into the bay. We have also observed foam lines in other locations to propagate into bays and to the shore during downwelling-favorable winds (El Quisco, Chile; A. L. Shanks and P. Manriquez, unpublished data) . In other words, at the onset of downwelling conditions, the foam line at the mouth of the bay appears to move into the bay, where it eventually contacts the shore and disperses. If cyprids are concentrated in the convergent front delineated by the foam line and remain with the foam line as it moves into the bay during a downwelling/relaxation event, then they could be carried into the bay, generating a pulse in settlement. In other words, the foam line acts as a moving convergence capable of transporting trapped larvae the several hundred meters to shore.
These settlement pulses would appear exactly like what one would expect to see if settlement pulses were due to an upwelling front relaxing to shore (Farrell et al., 1991; Roughgarden et al., 1991; Wing et al., 1995a,b; Miller and Emlet, 1997) ; however, the physical oceanography and geographic distribution of the fronts are radically different. Along the Oregon coast, upwelling fronts form $10-15 km from shore and delineate the zone of separation between cold upwelled waters and warmer surface waters displaced by upwelling. Upwelling fronts extend for tens of kilometers in the alongshore direction. During a relaxation event, the upwelling front moves back toward shore as a density current (Shanks et al., 2000) composed of the warm offshore surface water flowing over the top of the denser upwelled waters. During upwelling relaxation, as the upwelling front moves back toward shore, larvae may be transported kilometers shoreward (Shanks et al., 2000) and, due to the extent of the upwelling front in the alongshore direction, settlement of larvae transported by the front may be nearly synchronous along an extensive length of shoreline.
How upwelling conditions generate the convergent fronts at the mouth of bays is not understood. We do know that they only form during upwelling winds (in Chile, winds from the south generate foam lines and fronts; A. L. Shanks and P. Manriquez, unpublished data) and that the ends of the foam lines and convergent fronts usually extend from shore to shore across the bay mouth. At the onset of downwelling-favorable conditions, the foam line appears to move into the bay. We found short intense settlement pulses associated with downwelling conditions that we hypothesize were due to the shoreward movement of cyprids trapped in the foam line at the mouth of Sunset Bay. Where a similar topographic front is not present, we predict that similar settlement pulses will not occur. If this is true, then the intensity of settlement along a coast could be a mosaic; pulsed high settlement of cyprids may be seen in coves, with lower and perhaps less variable settlement along shorelines between coves.
Despite the very large differences in the oceanography of typical upwelling fronts and the topographically generated fronts described in this paper, the temporal pattern of settlement generated by an upwelling front relaxing to shore and a front such as that at the mouth of Sunset Bay relaxing to shore would look similar; both types of front move to shore during relaxation from an upwelling wind. In a geographic setting such as Sunset Bay, attributing settlement pulses to an upwelling front relaxing to shore, however, could be incorrect. For example, Miller and Emlet (Miller and Emlet, 1997) looked at settlement of echinoderms in Miller's Cove, a cove just to the south of Sunset Bay with very similar oceanography . They found peaks in the settlement of echinoderms associated with downwelling/relaxation events and attributed these peaks to the shoreward transport of larvae due to upwelling relaxation events. Given the similarity of the front at the mouth of Miller's Cove to that at Sunset Bay, an alternate hypothesis would be that the peaks in settlement were caused by the loss of the front at the mouth of Miller's Cove. It appears that careful investigation of the very nearshore oceanography is needed to determine whether temporal variations in settlement at coastal sites depend on variations in the onshore transport of larvae from the coastal ocean; variations in settlement could be due to variations in onshore transport from the coastal ocean to shore, variations in the very nearshore oceanography (presence or absence of a topographic front), or both.
The data reported in this paper demonstrate that the front at the mouth of Sunset Bay, a small cove on the Oregon coast, may alter the distribution of mussel larvae and the settlement of barnacles. During upwelling-favorable winds, the front appears to block the shoreward dispersal of mussels. During downwelling-favorable winds, the front at the mouth of Sunset Bay is not present and during these periods we observed large pulses in cyprid settlement. Just hundreds of meters to the south of Sunset Bay, the nearshore oceanography is quite different ; a shore-parallel front is present but the mechanism of formation is quite different. This change in oceanography could affect settlement. Perhaps alongshore variations in larval settlement at the spatial scale of hundreds to thousands of meters are driven by variations in the very nearshore oceanography.
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